Oxidative stress is believed to be an important inducer of cellular senescence and aging. Zinc finger protein 637 (Zfp637), which belongs to the Krü ppel-like protein family, has been hypothesized to play a role in oxidative stress. Nevertheless, the precise function of Zfp637 has seldom been reported, and it remains unclear whether Zfp637 is involved in oxidative stress-induced premature senescence. In this study, we show that the endogenous expression levels of Zfp637 and mouse telomerase reverse transcriptase (mTERT) are downregulated during oxidative stress-induced premature senescence and in senescent tissues from naturally aged mice. The overexpression of Zfp637 markedly increases mTERT expression and telomerase activity, maintains telomere length, and inhibits both H 2 O 2 and D-galactose-induced senescence accompanied by a reduction in the production of reactive oxygen species (ROS). In contrast, the knockdown of Zfp637 significantly aggravates cellular senescence by downregulating mTERT and telomerase activity, accelerating telomere shortening, and increasing ROS accumulation. In addition, the protective effect of Zfp637 against premature senescence is abrogated in the absence of mTERT. We further confirm that Zfp637 binds to and transactivates the mTERT promoter ( À 535/ À 502) specifically. As a result, the mTERT-mediated telomerase activity and telomere maintenance are responsible for the protective effect of Zfp637 against oxidative stressinduced senescence. We therefore propose that Zfp637 prevents oxidative stress-induced premature senescence in an mTERTdependent manner, and these results provide a new foundation for the investigation of cellular senescence and aging. Cell Death and Disease (2014) 5, e1334; doi:10.1038/cddis.2014.298; published online 17 July 2014
Oncogene-induced senescence is closely associated with activated oncogenes, such as Ras and Raf, that trigger a senescence-like growth arrest. 3, 4 Cells also enter a senescent state subjected to various types of sublethal stressors, including oxidative stress, and this state is referred to as stress-induced premature senescence. 5, 6 According to the free-radical theory, oxidative stress mediated by reactive oxygen species (ROS) participates in senescence and age-related diseases. 7 In general, ROS function as messenger molecules activating specific redox-dependent targets and it is the activation of these targets that induces senescence, but not the level of ROS per se. 8 Oxidative stress-induced premature senescence is established after several days of exposure to subcytotoxic concentrations of numerous types of oxidants. For example, exogenous H 2 O 2 has been used extensively as an inducer of oxidative stress in in vitro models. 9, 10 In addition, a low dose of D-galactose (D-gal) induces cellular senescence and resembles natural aging in animals. [11] [12] [13] The oversupply of D-gal, a physiological nutrient, results in abnormal metabolism. D-gal is converted into galactitol, which is not metabolized normally but rather accumulated in cells to result in osmotic stress and oxidative stress by promoting endogenous ROS generation. 14 Telomeres, which consist of tandem repeats of the TTAGGG sequence, serve as essential protective caps of the linear chromosomal ends in mammalian cells. 15 Telomerase, a ribonucleoprotein complex containing a template RNA subunit, a telomerase-associated protein, and a telomerase reverse transcriptase (TERT), extends telomeres length by adding telomeric repeats to the chromosome ends. 16 In most cells, TERT is the critical rate-limiting component responsible for the catalytic activity of telomerase. 17 Numerous evidences suggest that telomeres and telomerase have important roles in senescence in vitro and in vivo. 18 It has been shown that the production of high levels of ROS results in a disturbance of the redox balance and shifts cells into a state of oxidative stress, which subsequently leads to premature senescence with the shortening of telomeres. 9 The transfection of TERT into normal somatic cells can reconstitute the telomerase activity, maintain telomeres, and extend their replicative life span. 19 Mouse TERT (mTERT) overexpression in primary murine embryonic fibroblasts favors their proliferation, escapes from premature senescence, and oncogene-induced colony formation. 20 The constitutive expression of TERT in cancer-resistant mice produces a systemic delay in aging accompanied by an extension of the median life span. 21 Moreover, studies have demonstrated that mTERT can be regulated by many transcription factors, including Sp1, c-Myc, and nuclear factor-kB. 22 , 23 These results suggest that the downregulation of TERT by several transcription factors may reduce the telomerase activity such that cells enter senescence.
Zinc finger proteins have been implicated as transcription factors in a variety of pathophysiological processes, including embryo development, hormone secretion, cell differentiation, senescence, and apoptosis. Zfp637, a zinc finger protein of Mus musculus (GenBank ID: 232337) that belongs to the Krü ppel-like protein family, comprises six consecutively typical and one atypical C2H2 zinc finger motifs. We have reported that Zfp637 is located in nucleus and behaves as a repression regulator in myogenic cellular differentiation by promoting mTERT expression. 24 Based on its structural characterization and location, we predict that Zfp637 likely acts as a DNA-binding protein to regulate gene transcription. An analysis of Zfp637 in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) indicates that Zfp637 may have a potential role in oxidative stress, [25] [26] [27] and our previous study proved that Zfp637 expression was significantly altered in NIH3T3 cells treated with 200 mM H 2 O 2 in a time-dependent manner. 28 In this study, we examined the expression of Zfp637 and mTERT in senescent NIH3T3 and C2C12 cells induced by H 2 O 2 and D-gal, respectively. We then examined the effect of Zfp637 overexpression or knockdown on oxidative stressinduced premature senescence. To elucidate the mechanism through which Zfp637 regulates cell senescence, we further explored the potential transcriptional regulation between Zfp637 and mTERT during senescence induction. Furthermore, the expression of Zfp637 and mTERT in several organ tissues from aged BALB/C mice was detected to confirm the correlation between their expression levels during aging in vivo.
Results
Zfp637 expression is repressed in oxidative stress-induced premature senescence. To investigate oxidative stressinduced senescence, we first established a H 2 O 2 -induced senescence model for the mouse fibroblast cell line NIH3T3. To determine an effective non-cytotoxic concentration, cells were treated with various concentrations (0-250 mM) of H 2 O 2 for 96 h, at which time the morphological phenotype of cellular senescence was observed. We then conducted Annexin V-FITC-binding assay and subsequently performed a flow cytometric analysis. As shown in Supplementary  Figure 1a , a large number of cells underwent apoptosis upon exposure to higher concentrations (200 and 250 mM) of H 2 O 2 , whereas the percentage of apoptotic cells was not higher than 7.5% in the presence of lower concentrations (50, 100 and 150 mM) of H 2 O 2 . Necrotic cell death was evaluated by quantifying the release of the stable cytosolic enzyme lactic dehydrogenase (LDH). LDH release assay showed that 50 and 100 mM H 2 O 2 treatment did not induce statistically significant increases in the intracellular LDH released into the culture medium. However, 200 and 250 mM H 2 O 2 resulted in cell damage, as the amount of released LDH was increased by up to two-or threefold compared with the untreated group (Supplementary Figure 1b) . Thus, 100 mM H 2 O 2 was chosen as the optimum effective dose and used in our subsequent studies.
Exposure of NIH3T3 cells to 100 mM H 2 O 2 for 96 h resulted in a typical cellular senescence phenotype with an enlarged and flattened morphology (Figure 1a) , and oxidative stressinduced growth arrest was assessed by cell counting (Figure 1b) . Specialized domains of facultative heterochromatin, which are called senescence-associated heterochromatin foci (SAHF), are thought to contribute to the irreversible cell cycle exit in many senescent cells by repressing the expression of proliferation-promoting genes. 29 In our model, SAHF appeared as compacted punctate foci of 4 0 ,6-diamidino-2-phenylindole (DAPI)-stained DNA in the enlarged nucleus of senescent cells after H 2 O 2 treatment (Figure 1c) . A senescence-specific marker is senescenceassociated b-galactosidase (SA-b-gal) activity, which is detectable by X-gal staining at pH 6.0. The senescent cells exhibited positive SA-b-gal staining after H 2 O 2 treatment (Figure 1d ). The growth arrest of senescent cells was associated with the accumulation of several cell cycle regulatory genes, such as p53, which is also regarded as a hallmark of senescence. 30 Thus, the upregulation of p53 was also showed in Figure 1e . Our results showed that the model of H 2 O 2 -induced premature senescence of NIH3T3 cells was established successfully. Cells treated with H 2 O 2 for up to 96 h were harvested at different time points and analyzed for Zfp637 expression. Both the mRNA and protein expression levels of Zfp637 in cells were markedly decreased during cellular senescence (Figures 1f and g ). A similar senescence phenotype and repressed Zfp637 expression were observed in NIH3T3 cells treated with 8 g/l D-gal for 96 h (Figures 1a-g ) and in C2C12 cells treated with 100mM H 2 O 2 for 96 h (Supplementary Figures 2a-g ). These results suggest that Zfp637 may have a role in the regulation of cellular senescence.
Overexpression of Zfp637 protects cells against oxidative stress-induced premature senescence. To determine whether Zfp637 is involved in premature senescence, the Zfp637 expression plasmid (pcDNA3.1-Zfp637) was transfected into NIH3T3 cells, and significant increases in Zfp637 (Figures 2e and f) . To further examine the correlation between high expression of Zfp637 and senescence, cells were transfected with pEGFP-Zfp637 plasmid and senescence induction was performed. Subsequently, Zfp637 overexpression and SAHF were observed simultaneously. As shown in Supplementary Figure 3a , Zfp637 was located in the nucleus, and SAHF was not observed in the cells overexpressing Zfp637 upon oxidative stress, whereas SAHF was shown in cells transfected with pEGFP-N1 under the same conditions. Zfp637 overexpression also lessened the accumulation of p53 in both H 2 O 2 -and D-gal-induced senescent cells (Figure 2g ). To exclude the possibility that the cells undergo apoptosis and necrosis upon H 2 O 2 exposure, Annexin V-FITC-binding assay and LDH release assay were performed. The percentages of both apoptotic and necrotic cells were very low during senescence induction ( Supplementary Figures 4a and b) . In addition, the percentage of senescent cells induced by H 2 O 2 was also reduced in C2C12 cells overexpressing Zfp637 (Supplementary Figures 3b and c) . These results indicate that Zfp637 can protect cells against premature senescence through attenuating the inhibition of proliferation and depressing ROS accumulation when cells suffer oxidative stress.
Knockdown of Zfp637 abrogates the protective effect against premature senescence. To further verify the protective role of endogenous Zfp637 against premature senescence, NIH3T3 cells were stably transfected with shRNA-Zfp637 or shRNA-negative control (shNC). The efficiency of Zfp637 knockdown with shRNA was confirmed (Figures 3a and b) . A slight inhibition of cellular proliferation was observed in NIH3T3-shRNA-zinc finger protein 637 (shZfp637) cells under conventional conditions. Moreover, Zfp637 depression enhanced the growth arrest induced by H 2 O 2 and D-gal, and this effect was not observed in NIH3T3-shNC cells ( Figure 3c ). As shown in Figure 3d , NIH3T3-shZfp637 cells exhibited no evident change in intracellular ROS production in the absence of H 2 O 2 or D-gal, whereas a remarkable elevation of ROS level occurred in response to oxidative stress (Figure 3d ). Zfp637 knockdown did not result in cell senescence directly but rather abrogated the protective effect of this protein against oxidative stress. As a consequence, a pro-senescence effect was observed in NIH3T3-shZfp637 cells after exposure to Figures 3b and c ). These findings demonstrate that the loss of Zfp637 may aggravate oxidative stress-induced premature senescence because of increased susceptibility to ROS.
Protective role of Zfp637 against oxidative stress-induced premature senescence depends on mTERT. A previous study noted that accelerated telomere shortening is observed after oxidative stress. 32 We showed that the relative ratio of telomeres to a single-copy gene (36B4) (T/S) was reduced in H 2 O 2 -and D-gal-induced senescent cells by quantitative realtime PCR (qRT-PCR), as previously described (Table 1) . 33, 34 It has been acknowledged that the decrease in the relative T/S ratio positively correlates with telomere shortening. 33, 34 TERT is indispensable in maintaining telomerase activity and telomere length in tissues and immortal cells. 35 Therefore, we detected mTERT expression and telomerase activity during NIH3T3 cellular senescence. Coincidently, both mTERT expression (at the mRNA and protein levels) and telomerase activity were gradually decreased in H 2 O 2 -or D-gal-induced premature senescence ( Supplementary  Figures 5a-c) . Consistent with previous reports, 36 these results imply that the downregulation of mTERT mediates a decrease in telomerase activity in cellular senescence. Interestingly, the downregulation of Zfp637 was earlier than that of mTERT and telomerase activity, suggesting that an interrelation between mTERT and Zfp637 may exist during oxidative stress-induced premature senescence. The correlation between Zfp637 and mTERT was also confirmed during senescence induction of C2C12 cells ( Supplementary  Figures 2e and g ).
Considering the potential correlation between Zfp637 and mTERT, we analyzed mTERT expression and telomerase activity in NIH3T3-shZfp637 cells undergoing senescence. Zfp637 knockdown decreased mTERT expression and telomerase activity slightly, whereas these were sharply reduced in H 2 O 2 -or D-gal-induced senescent NIH3T3-shZfp637 cells (Figures 4a and b) . To illuminate whether the protective effect of Zfp637 against premature senescence is dependent on the regulation of mTERT, we analyzed mTERT expression and telomerase activity in NIH3T3 cells overexpressing Zfp637 in the presence of H 2 O 2 or D-gal. As shown in Figures 4a and b, Zfp637 overexpression resulted in the upregulation of mTERT expression and telomerase activity under both conventional and oxidative stress conditions. We also demonstrated that Zfp637 overexpression maintained a higher relative T/S ratio in H 2 O 2 -or D-gal-treated cells (Table 1 ). In contrast, the relative T/S ratio was decreased significantly in NIH3T3-shZfp637 cells compared with NIH3T3-shNC cells as a result of oxidative stress (Table 1) . Our results indicate that Zfp637 overexpression contributes to the maintenance of stable telomere length, but Zfp637 deletion accelerates telomere shortening in senescence induction by oxidative stress. Zfp637 overexpression exerted similar effects on mTERT expression, telomerase activity, and telomere length in H 2 O 2 -induced senescence of C2C12 cells. On the contrary, the opposite effects were observed in C2C12-shZfp637 cells compared with C2C12 cells overexpressing Zfp637 (Supplementary Figures 5d and  e and Supplementary Table 1) .
Furthermore, the co-transfection with small interfering RNA (siRNA)-mTERT and pcDNA3.1-Zfp637 was performed in NIH3T3 cells. The Zfp637-mediated increase in mTERT expression and telomerase activity under oxidative stress was abrogated by the silencing of mTERT (Figures 4c and d) . mTERT inhibition also weakened the anti-senescence capacity of Zfp637 overexpression, as judged by the higher percentage of SAHF-positive and SA-b-gal-positive cells and the accumulation of p53 protein (Figures 4e-g ). Taken together, our results suggest that the protective effect of Zfp637 against oxidative stress-induced premature senescence is mTERT-dependent.
Zfp637 exerts an mTERT-dependent anti-senescence effect through binding and transactivating the mTERT promoter. To understand the mechanism underlying how mTERT expression responds to oxidative stress, we attempted to analyze the mTERT promoter. An approximately 1.0-kb section upstream of the mTERT gene-coding region was isolated (Figure 5a ), and luciferase reporter vectors containing mTERT promoter fragments with various lengths were generated by inserting the PCR-amplified DNA fragment into the pGL3-basic vector. As shown in Supplementary Figure 6a , the transcriptional activity of the mTERT promoter ( À 535/ þ 53) was decreased notably in cells exposed to H 2 O 2 or D-gal. Oxidative stress also induced a slight decrease in transcriptional activity of the mTERT promoter ( À 1024/ þ 53). In contrast, the other mTERT promoter regions displayed no depression of transcriptional activity in response to oxidative stress. To clarify whether the transcriptional activation of mTERT is regulated by Zfp637, NIH3T3 cells were co-transfected with the pGL3-mTERT promoter ( À 535/ þ 53) and pcDNA3.1-Zfp637, and then subjected to H 2 O 2 or D-gal treatment. Zfp637 overexpression resulted in an approximately twofold increase in mTERT transcriptional activity, and the oxidative stress-induced depression of transcriptional activity was partially rescued (Figure 5b ). These results suggest that Zfp637 likely binds to the region within the mTERT promoter ( À 535/ À 399). As the sequence of Zfp637-binding site has never been reported, pGL3-mTERT promoter ( À 535/ þ 53) plasmids with various lengths of a 5 0 -terminus-truncated mutant were constructed. The deletion of DNA fragment ( À 535/ À 502) blocked the Zfp637-mediated upregulation of mTERT transcriptional activity (Figure 5c ), indicating that the region within the mTERT promoter ( À 535/ À 502) may contain the potential Zfp637-binding site.
Subsequently, electrophoretic mobility shift assay (EMSA) was performed to verify whether Zfp637 directly and specifically binds to the oxidative stress-responsive mTERT promoter. A GST-Zfp637 fusion protein was constructed and purified as described in our previous report. 28 We demonstrated that the GST-Zfp637 fusion protein formed complexes with a probe derived from the mTERT promoter ( À 535/ À 502; Supplementary Figure 6b) . EMSA also revealed that nuclear extracts from NIH3T3-shNC cells interacted with the (Figure 5d ). In brief, these results are consistent with the direct binding of Zfp637 to the mTERT promoter leading to a major anti-senescence effect through transcriptional transactivation of mTERT.
Decreased Zfp637 expression inhibits mTERT-mediated telomerase activity in aged BALB/C mice. It has been proposed that normal aging results from random deleterious damage to tissue by oxidative stress caused by ROS. 37 The reconstitution of telomerase activity in vivo leads to an increase in telomere length and an extension of cellular life span. 38 To demonstrate the correlation between Zfp637 and mTERT during aging in vivo, the mRNA expression of Zfp637 was first analyzed in organ tissues from 8-week-old and 10-month-old male BALB/C mice. Zfp637 expression was decreased in the blood vessel, cerebellum, kidney, lung, spleen, and testicle tissues from aged mice (Figure 6a) . Coincidently, extensive SA-b-gal-positive staining was observed in all of these tissues with the exception of blood vessels (Figure 6b ). Zfp637 expression was not downregulated in other tissues, which were negative for SA-bgal staining (Figures 6a and b) . It was further demonstrated that the protein expression of Zfp637 and mTERT was markedly decreased in most senescent tissues with the exception of blood vessels (Figure 6c ). We also observed increased ROS production and decreased telomerase activity in senescent tissues from aged individuals (Figures  6d and e) . As the telomere length differs between tissues in an adult mouse, 39 the Zfp637-mediated regulation of mouse telomerase activity may be tissue specific during development and aging in vivo. Taken together, our results indicate that Zfp637 repression may contribute to aging by inhibiting mTERT-mediated telomerase activity.
Discussion
A number of zinc finger proteins have been shown to have critical roles in cellular proliferation, differentiation, and senescence. OsDOS, a nuclear-localized zinc finger protein, has a role in delaying leaf senescence in rice. 40 Transforming growth factor b1-inducible hic-5 gene encodes a putative zinc finger protein that is associated with cellular senescence. 41 Our previous investigation demonstrated that Zfp637 promotes myogenic cellular proliferation and inhibits cellular differentiation by upregulating mTERT. 24 However, the mechanism underlying the regulation of mTERT by Zfp637 has not been previously elucidated. In this study, we focused on the relationship between Zfp637 and mTERT in the model of oxidative stress-induced premature senescence.
Cells undergoing stress-induced premature senescence manifest all the characteristics of replicatively senescent cells: an enlarged and flattened morphology, SA-b-gal activity, SAHF formation, cell cycle regulation, gene expression, and telomere shortening. The intensity of SAHF formation was shown to be different depending on the senescence stimulus and the cell type. 42 Primary mouse fibroblasts, prepared from pooled wild-type C57BL/6J embryos and ear skin, did not form robust punctate SAHF in response to an activated Ras oncogene. 43 Potential differences between primary cells and immortalized cell lines are likely to exist. In our study, only a small minority of proliferating NIH3T3 cells displayed a few punctate DAPI-stained domains, but discernible change was observed in senescent cells with larger cell nucleus and clearly visible domains of bright DAPI-stained heterochromatin.
The overexpression of antioxidant protein in fibroblasts slows the rate of telomere shortening and extends their life span. 44 Accelerated telomere shortening caused by oxidative stress has been suggested as a cause of stress-induced premature senescence. 45, 46 Telomerase is essential for the maintenance of telomere length in cells. 16 An important regulatory factor for telomerase is at the level of expression Figure 6 Decreased Zfp637 expression inhibits mTERT-mediated telomerase activity in aged BALB/C mice. The 8-week-old and 10-month-old male BALB/C mice were killed, and the blood vessel, cerebellum, cerebrum, heart, kidney, liver, lung, spleen, and testicle tissues were collected. (a) The Zfp637 mRNA expression was analyzed by qRT-PCR. (b) Representative images of tissue sections showed SA-b-gal staining from five independent experiments. The frozen sections of tissues (blood vessel, cerebellum, cerebrum, heart, kidney, liver, lung, spleen, and testicle) from mice were subjected to SA-b-gal staining and then counterstained with eosin. (c) The Zfp637 and mTERT protein expression were analyzed by western blot analysis. (d) The relative ROS levels in tissues from young/aged BALB/C mice were detected by incubating with ROS-sensitive probe DCFH-DA. (e) PCR-ELISA was used to measure the telomerase activity in tissues from young/aged BALB/C mice. All of the quantitative values are presented as the mean ± S.D. *Po0.05
Zfp637 and oxidative stress-induced senescence B Gao et al of the TERT subunit, which is the major determinant of telomerase activity. TERT overexpression counteracts telomere shortening, extends the replicative potential, and prevents senescence. 47 TERT not only maintains telomere length under standard conditions but also protects human fibroblasts against oxidative stress. 48 In addition, TERT overexpression reduces mitochondrial DNA damage levels under oxidative stress and improves mitochondrial function, resulting in a lower mitochondrial production of ROS and an enhanced mitochondrial membrane potential. 48 In this study, we clearly demonstrated that the expression Zfp637 and mTERT was decreased during cellular senescence, and that both telomerase activity and telomere length were also reduced. In addition, Zfp637 overexpression strongly reduced the accumulation of ROS and the proportion of senescent cells by promoting cell proliferation vitality under oxidative stress. In contrast, Zfp637 knockdown exhibited the converse effects. Furthermore, Zfp637 knockdown resulted in the attenuation of mTERT expression and telomerase activity, and this effect was aggravated during oxidative stressinduced senescence. Accelerated telomere shortening was also observed in Zfp637-deficient cells under oxidative stress. These results indicate that Zfp637 is closely associated with mTERT expression, telomerase activity, and telomere length in both proliferating and senescent cells. We also proved that mTERT knockdown diminished the anti-senescence effect of Zfp637, indicating that the protective effect of Zfp637 against oxidative stress-induced senescence depends on mTERTmediated telomere maintenance and stress resistance.
Oxidative stress is also believed to be a primary factor in the normal process of aging. 49 Our study showed that both Zfp637 and mTERT were downregulated consistently in senescent tissues from naturally aged mice, and this downregulation was accompanied by increased ROS production.
These results provide a foundation for investigating the precise role of Zfp637 during development and aging in vivo.
The regulation of TERT involves transcriptional and posttranscriptional mechanisms. The transcriptional regulation of TERT is predominantly implicated in the regulation of telomerase activity in cells. 50 The upstream region of the translational start site of TERT contains several types of transcriptional regulatory elements, such as GC box and E box, indicating that various transcription factors, including Sp1, Sp3, and Myc, can activate TERT expression by binding to the TERT promoter. 51 In a previous report, we hypothesized that Zfp637 may directly regulate mTERT by interacting with the core promoter region or indirectly promote mTERT transcription by regulating or synergistically cooperating with Sp1 and Sp3. 24 In this study, we demonstrated that Zfp637 binds to the mTERT promoter ( À 535/ À 502) specifically and activates the transcription of mTERT directly. However, the sequence of the Zfp637-binding site has not yet been elucidated and further experiments are needed to explore the Zfp637-responsive elements. It is likely that Zfp637 and other transcription factors activate the transcription of mTERT in a collaborative manner, and this possibility remains to be confirmed.
In conclusion, our study provides the first illumination of the mechanism through which Zfp637 protects cells against oxidative stress-induced premature senescence. As delineated in Figure 7 , under conventional conditions, Zfp637 binds to the mTERT promoter and transcriptionally activates mTERT. mTERT expression maintains telomerase activity and telomere length and promotes cell proliferation. However, the oxidative stress-triggered downregulation of Zfp637 results in depressed binding of Zfp637 to the mTERT promoter. As a consequence, reduced levels of mTERTdependent telomerase activity and accelerated telomere shortening lead to cellular senescence. Zfp637 overexpression rescues the telomerase activity, maintains telomere, and prevents oxidative stress-induced premature senescence.
Materials and Methods
Cell culture and treatment. NIH3T3 and C2C12 cells were obtained from American Type Culture Collection and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were sustained at 37 1C in humidified 95% air and 5% CO 2 atmosphere. For the induction of senescence, cells were cultured in medium containing 100 mM Annexin V-FITC-binding assay for apoptosis. Apoptotic cells were quantified by Annexin V-FITC and propidium iodide double staining using a staining kit from KeyGEN Biotech (Nanjing, China). Briefly, cells were trypsinized, washed with phosphate-buffered saline (PBS) twice, and resuspended in 200 ml of binding buffer containing 2 ml of Annexin V-FITC and 2 ml of propidium iodide. The suspension was incubated at room temperature for 15 min. The cell mixture was subsequently analyzed by a flow cytometer (FACAria, Becton Dickinson, Franklin Lakes, NJ, USA). A total of 1 Â 10 4 events were collected from each sample. Analysis of the multivariate data was performed with FSC Express Version 3 software (Becton Dickinson).
LDH release assay. Cell necrosis was assessed by measuring the release of the cytosolic enzyme, LDH. The culture supernatant (100 ml) from each sample was transferred into a 96-well plate and then incubated with lactic acid dehydrogenase substrate mixture at 37 1C for 10 min. The reaction was stopped with 1 M citric acid solution. The absorbance was measured using a microtiter Figure 7 Schematic diagram summarizing that the protective effect of Zfp637 against oxidative stress-induced premature senescence depends on mTERTmediated telomerase activity and telomere maintenance. The downregulation of Zfp637 in cells suffering oxidative stress results in the depressed binding of Zfp637 to the mTERT promoter. Thus, the mTERT-dependent telomerase activity is reduced and the cells enter a senescent state accompanied with telomere shortening. Zfp637 overexpression prevents oxidative stress-induced premature senescence by rescuing telomerase activity and maintaining telomere length plate reader (Bio-rad 680, Bio-Rad Laboratories Inc, Hercules, CA, USA) at 570 nm and the level of released LDH (LDH supernatant ) was assessed. Cells were collected and adequately lysed in 1% NP40 solution, and then intracellular LDH level was determined. The percentage of released LDH was calculated as follows:
Cell counting. Cell counting was performed at 0, 24, 48, 72, and 96 h after exposure to H 2 O 2 or D-gal. Cells were harvested by trypsinization and viable cells were counted using a hemocytometer. Experiments were performed in triplicate.
The cell number ratios of each check point to starting point were determined to evaluate the cell proliferation.
SAHF analysis by DAPI staining. To estimate the ROS level in tissues, 0.1 g tissue was homogenized in 1 ml normal saline, and the homogenate supernatant was 10-fold diluted. 100 ml diluted supernatant and DCFH-DA (10 mM) were mixed and incubated at 37 1C for 30 min, Then, the fluorescence intensity was measured by Fluoroskan Ascent FL. Protein concentrations of cell samples and tissue homogenates were determined using Bio-Rad Protein Assay (Bio-Rad Laboratories Inc). The ratios of fluorescence intensity to protein concentration were calculated to normalize the results.
Measurement of telomerase activity. Telomerase activity was detected by a modified protocol described previously. 53 Briefly, total cell or tissue extracts were prepared according to the protocol of the telomerase PCR-ELISA kit (Roche Diagnostics, Mannheim, Germany). Then, telomerase activity of extracts was measured by the telomerase PCR-ELISA, according to the manufacturer's instructions. PCR products were detected by the photometric enzyme immunoassay and the absorbance was measured by the Model 680 microplated reader at 450 nm. All assays were performed in triplicate. The level of telomerase activity in positive-control cell extract supplied in the kit was set to 100% and the relative telomerase activity of each extract was calculated compared with positive control.
Zfp637 gene silencing. Zfp637 knockdown was performed with the specific shRNA-targeting Zfp637. The shRNA sequences were as follows: shRNA-Zfp637, 5 0 -GGGCAACCTGGTTACACATCA-3 0 and shNC, 5 0 -TTCTCCGAACGTGTCA GGT-3 0 . Recombinant lentivirus vector (pGLVU6/Puro) targeting (shRNAZfp637) or non-targeting (shNC) were purchased from Gene Pharma Company (Shanghai, China). To establish cell lines with Zfp637 stably knocked down, cells were infected with the recombinant lentivirus (named shNC and shZfp637 cells, respectively). Forty-eight hours post infection, 50 mg/ml puromycin was utilized to eliminate the uninfected cells. DNA isolation and measurement of telomere length by qRT-PCR. Genomic DNA was extracted from cells using a Genomic DNA isolation kit (Promega, Madison, WI, USA). Relative telomere length was measured from genomic DNA by qRT-PCR as previously described. 33, 34 The premise of this assay is to measure an average telomere length ratio by quantifying telomeric DNA (T) and to divide that amount by the quantity of a singlecopy gene (S), the acidic ribosomal phosphoprotein PO (36B4) gene, which is well-conserved and used for gene-dosage studies. The primer sequences were as follows. 34 Telomere: forward, 5 0 -CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGT TTGGGTT-3 0 and reverse, 5 0 -GGCTTGCCTTACCCTTACCCTTACCCTTACCCTT ACCCT-3 0 ; 36B4: forward, 5 0 -ACTGGTCTAGGACCCGAGAAG-3 0 and reverse, 5 0 -TCAATGGTGCCTCTGGAGATT-3 0 . Standard curves were generated for telomere and 36B4 amplification reactions, using an individual DNA sample from NIH3T3 cells serially diluted over a 16-fold range, from 6.25 to 60 ng per reaction (Supplementary Figure 7) . To measure the telomere length, triplicate 25 ml-volume PCR reactions included 12.5 ml SYBR Green PCR Master Mix (TAKARA), 400 nM forward and reverse primers, 20 ng genomic DNA, and enough double-distilled H 2 O. An iCycler iQ Multicolor Real-Time Detection System was used and the reaction condition was set as 95 1C for 30 s followed by 40 cycles of data collection at 95 1C for 5 s and a 56 1C anneal-extend step for 1 min. The amount ratio of telomere to 36B4 was calculated as follows:
. 53 The relative T/S ratio (T/S of one sample relative to the average
Western blot analysis. The cells were collected and washed with PBS and then lysed with lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 30 mM Na 4 P 2 O 7 , 1 mM phenylmethylsulfonyl fluoride, 2 mg/ml aprotinin) for 30 min in the ice. After the protein concentrations were determined using the Bio-Rad Protein Assay, the equal amount of extracted protein was loaded, separated by 12% SDS-PAGE, and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). After blocked with TBST (10 mM TrisHCl, pH 8.0, 150 mM NaCl, 0.1% Tween-20) containing 5% skimmed milk for 1 h at 37 1C, the membrane was incubated with primary antibody at 4 1C overnight. Antibodies and their sources were as follows: anti-Zfp637 antibody (1 : 50) was produced and purified as previously described; 28 anti-p53 antibody (1 : 1000) was purchased from Cell Signaling Technology (Beverly, MA, USA); anti-b-actin antibody (1 : 1000) and anti-mTERT antibody (1 : 500) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). After incubation with primary antibody, membrane was washed with TBST and then incubated with horseradish peroxidase-conjugated goat-anti-rabbit/mouse antibody (Santa Cruz Biotechnology) for 1 h at room temperature. After washed with TBST, the membrane was developed using Immobilon Western Chemiluminescent horseradish peroxidase Substrate (Millipore).
Generation of mTERT promoter constructs. KpnI restriction sites were shown in boldface, and the HindIII restriction site was in italic. All the PCR products were cloned into the luciferase-based vector pGL3-basic (Promega).
Dual luciferase reporter assay. NIH3T3 cells were co-transfected with 0.25 mg mTERT promoter reporter construct and 0.05 mg pRL-TK (Promega) with or without 0.75 mg pcDNA3.1-Zfp637 using 2 ml TurboFect Transfection Reagent (Fermentas) per well in 48-well plates. Twenty-four hours post transfection, cells were rinsed twice with PBS and incubated in medium containing 100 mM H 2 O 2 or 8 g/l D-gal for another 96 h. Cells were lysed in Passive Lysis Buffer (Promega), and then used to measure luciferase activity. The dual-luciferase reporter assay was performed using Multi-Mode Microplate Reader (Synergy2, Bioteck) according to the manufacturer's instructions (Promega). Three independent experiments were performed under each condition.
EMSA. The GST-Zfp637 fusion protein was constructed and purified as described previously. 28 Nuclear extracts were prepared using ProteoJET Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas) according to the manufacturer's instruction. GST-Zfp637 fusion protein or nuclear protein was incubated with the following 5 0 -end biotin-labeled double-stranded oligonucleotides: mTERT ( À 535/ À 502), 5 0 -AAGCCTTAACCTATATAGTAGAATTTCAG CTGTA-3 0 . The binding reaction was performed for 20 min at room temperature using the LightShift Chemiluminescent EMSA Kit (Pierce Biotechnology, Rockford, IL, USA). The protein-DNA complexes were separated by electrophoresis with a 5% nondenaturing polyacrylamide gel and then transferred to the positively charged nylon membrane (Millipore). Subsequently, the membrane was developed using Chemiluminescent Nucleic Acid Detection Module (Pierce Biotechnology) according to the instructions of the manufacturer. For competition assays, nuclear extracts were incubated with a 200-fold molar excess of unlabeled doublestranded competitor oligonucleotides.
Obtaining tissues from mice. The 8-week-old and 10-month-old male BALB/C mice were purchased from Experimental Animal Center of Sichuan University (Chengdu, China). Each experimental group consisted of five mice. To obtain tissues, mice were killed, and then the blood vessel, cerebellum, cerebrum, heart, kidney, liver, lung, spleen, testicle tissues were collected. All animals received humane care according to the Institutional Animal Care and Treatment Committee of Sichuan University.
Statistical analysis. All quantitative data were expressed as means ± S.D. To determine significance between two groups, comparisons between means were made using the Student's t-test. Multiple group comparisons were performed with one-way analysis of variance using the statistical software SPSS 13.0 (SPSS, Chicago, IL, USA). P-value o0.05 was considered statistically significant for three or more independent experiments.
